In this paper we use state-of-the-art N-body hydrodynamic simulations of a cosmological volume of side 100 Mpc to produce many large clusters simultaneously in both the standard cold dark matter (SCDM) cosmology and a cosmology with a positive cosmological constant (ΛCDM). We have performed simulations of the same volume both with and without the effects of radiative cooling, but in all cases neglect the effects of star formation and feedback.
INTRODUCTION
Clusters of galaxies are the largest virialised structures in the Universe, evolving rapidly at recent times because in most cosmologies big objects form last. Even at moderate redshifts the number of large dark matter halos in a cold dark matter Universe with a significant, positive cosmological constant is higher than in a standard cold dark matter Universe and it is precisely because both the number density and size of large dark matter halos evolve at different rates in popular cosmological models that observations of galaxy clusters provide an important discriminator between rival cosmologies.
The advent of X-ray satellites opened up a whole new area in observational astronomy. Hot gas, typically at temperatures of 10 7−8 K sitting in the deep potential wells of galaxy clusters emits radiation via thermal bremsstrahlung. This emission is heavily biased towards the central regions of the cluster because the flux is weighted as the gas density squared (Jones & Forman 1984) . The luminosity, L, is related to the central density, ρ0, the core radius, a and the temperature, T by
Given the gas temperature and the X-ray surface brightness the gas column density and a spherically symmetric gas density profile can be estimated. As the hot gas is assumed to reside close to virial equilibrium within the dark matter halo the underlying dark matter density distribution can be derived if a relationship between the gas density and the dark matter density is assumed.
Since the early work of Abramopoulos & Ku (1983) and Jones & Forman (1984) on the radial density profiles of large galaxy clusters, debate has raged about the presence or absence of a large, ∼ 250h −1 kpc, constant density core in the X-ray emitting gas. Unfortunately X-ray imaging is notoriously difficult because of the inherent large beam size. In addition, the centre of the emission region is not easy to determine and any centering error also acts to smooth out any central increase when the results are azimuthally averaged and plotted as a radial profile (Beers & Tonry 1986 ). More recent high resolution images of several clusters has helped to resolve this controversy. Some galaxy clusters do indeed appear to exhibit a large (250h −1 kpc or more) resolved core but others have a much smaller core, close to the resolution threshold of the instrument. Both White, Jones & Forman (1997) (who studied 207 clusters imaged by the Einstein observatory) and Peres et al. (1998) (who looked at ROSAT observations of the flux-limited sample of clusters provided by Edge et al. 1990) suggest that this dichotomy relies on the presence or absence of a cooling flow. Clusters with a cooling flow appear to have small cores (around 50h −1 kpc) whilst clusters without cooling flows have much larger cores. The work of Allen (1998) on the discrepancy between the large X-ray core radii and the small core radii deduced from strong lensing observations (e.g. Kneib et al. 1996) also reached the conclusion that cooling flow type clusters had small core radii in their matter distributions. Because the X-ray flux rises as the local density squared, the total X-ray emission from a cluster is very sensitive to the central density.
High resolution N-body simulations of galaxy clusters (Moore et al. 1998 ) produce a radial dark matter profile that has no core. The radial profile continues to rise until the resolution threshold is reached, far within the required radius if the gas is to trace the dark matter and still reproduce the X-ray observations. The production of a central constant density dark matter core has been a long standing problem for collisionless dark matter simulations (Pearce, Thomas & Couchman 1993 , Navarro & White 1994 , although in previous work the resolution threshold was still close to the observed core sizes and so until the latest high resolution studies this was still a tentative result.
Recently several groups have tried to reconstruct the radial temperature profile of galaxy clusters. Markevitch et al. (1998) used ASCA data from 30 clusters and concluded that the temperature falls steeply at large radii. However, Irwin, Bregman & Evrard (1999) analysed ROSAT PSPC images of 26 clusters and concluded that the radial temperature profiles were generally flat out to the virial radius.
The inclusion of a gaseous component into simulations allows the previously assumed relationship between the gas and the dark matter to be derived directly. The first studies of this type (Evrard 1990 , Thomas & Couchman 1992 were carried out without the effects of radiative cooling but reproduced well many theoretical predictions such as a bias between the dark matter and the baryonic material. Similar non-cooling simulations have proved popular , Kang et al. 1994 , Bryan et al. 1994 , Navarro, Frenk & White 1995 , Bartelmann & Steinmetz 1996 , Eke, Navarro & Frenk 1998 , Bryan & Norman 1998 and such a simulation formed the basis of the Santa Barbara project in which a dozen groups simulated the formation of the same galaxy cluster (Frenk et al. 1999) . Extending this work to include a dissipative component has proved difficult because the formation of galaxies introduces many additional physical effects. Metzler & Evrard (1994) and Evrard, Metzler & Navarro (1996) circumvented this by introducing a galactic component by hand into a simulation that didn't follow radiative cooling of the gas to study the effects of feedback on the cluster profile. Fully consistent attempts to follow the radiative cooling of the hot intra-cluster gas have only recently been achievable because of the extra computational overhead involved. Early attempts to include the effects of radiative cooling (Katz & White 1993 , Evrard, Summers & Davis 1994 focussed on the galactic population and suffered from overmerging effects. Suginohara & Ostriker (1998) studied the effect of cooling on the X-ray profile of a single cluster but their best resolution was three times worse than that employed here where, in addition, we examine 20 clusters from each simulation.
If the effects of cooling are included in the models then several possibilities arise for forming a large constant density gas core. Radiative cooling is very efficient in small dark matter halos because the cooling time is less than the dynamical time (White & Rees 1978) . These knots of cold, dense gas can be equated with proto-galaxies and, as they are dense and collapsing, they may be reasonably expected to produce stars (Katz 1992) . Star formation leads to energy feedback into the interstellar medium via supernovae explosions (Mihos & Hernquist 1994 , Katz 1992 , Navarro & White 1994 , Gerritsen & Icke 1997 . Unless the gas immediately recools this heating acts to increase the entropy of the surrounding material, pushing it onto a higher adiabat and preventing it settling to the very high densities and temperatures required for it to trace the underlying dark matter (Wu, Fabian & Nulsen 1998 ). An alternative mechanism for producing a core is that radiative cooling of the gas at the centre of each potential well acts as a drain on the low entropy material (which cools preferentially). If the remaining gas cannot cool rapidly enough, a core would develop because only high entropy material remains (Thomas & Couchman 1992) . A final suggestion is that the presence of galaxies orbiting within the cluster potential acts to stir up the gas, heating it as friction and turbulence dissipate the galaxies velocity, simultaneously producing velocity and spatial bias in the galaxy distribution. The remainder of this paper is laid out as follows: In section 2 we present the large hydrodynamical simulations, both with and without the effects of radiative cooling, that we have performed. In section 3 we extract radial density and temperature profiles for the 20 largest galaxy clusters within each simulation and contrast the profiles with the underlying dark matter distribution. This is followed in section 4 by a discussion of our findings.
THE SIMULATIONS
The simulations we have carried out use the adaptive particle-particle, particle-mesh (AP 3 M) method (Couchman 1991) coupled to the smoothed particle hydrodynamics (SPH) technique (Gingold & Monaghan 1977 , Lucy 1977 to follow 2 million gas and 2 million dark matter particles in a box of side 100 Mpc (Couchman, Thomas & Pearce 1995 , Pearce & Couchman 1997 . We have performed both a standard cold dark matter (SCDM) and a ΛCDM simulation with the same parameters assumed by Jenkins et al. (1998) (Ω = 1.0, Λ = 0.0, h=0.5, σ8 = 0.6 for the former and Ω = 0.3, Λ = 0.7, h=0.7, σ8 = 0.9 for the latter). The baryon fraction was set from Big Bang nucleosynthesis constraints, Ω b h 2 = 0.015 (Copi, Schramm & Turner 1995) and we have assumed an unevolving gas metallicity of 0.3 times the solar value. These parameters produce a gas mass per particle of 2×10 9 M⊙ in each case. Since we typically smooth over 32 SPH particles the smallest gaseous object that can be effectively resolved has a mass of 6.4 × 10 10 M⊙. We employ a comoving β-spline gravitational softening equivalent to a Plummer softening of 10h −1 kpc until z=1.5 (2.5 for ΛCDM); thereafter the softening has a fixed physical size, with the minimum SPH resolution set to match this. We note that a spatial resolution of 10h −1 kpc is over twice the typical scale length of elliptical galaxies and this may lead to enhanced tidal disruption, drag and merging within the largest clusters of objects. The force softening cannot be reduced further without introducing 2-body effects. A smaller softening would also lead to a further increase in the number of timesteps required; we already require around 10000 for each cooling run. In addition to these two simulations which both included the effects of radiative cooling we repeated the ΛCDM model without cooling. This simulation has input parameters close to those used by Eke, Cole & Frenk (1998) who used the same cosmology and the resultant clusters look very similar.
Numerical effects are dealt with elsewhere, where we clearly demonstrate that the population of galaxies we obtain in both simulations present an acceptable match to both the spatial and luminosity distribution of observed galaxies (Pearce et al. 1999a,b) . The three major numerical approximations we employ are; a resolution threshold of 6.4 × 10 10 M⊙ below which objects cannot cool efficiently, decoupling of the galaxies from the hot halo gas (which acts to lower the central cooling rate within each halo and reduce the difference between the cooling and non-cooling models), and having a minimum resolved lengthscale of 10h −1 kpc. All these approximations affect the galaxy population to a much greater extent than the underlying density profile of the cluster and if relaxed would all make the effects noted here even more pronounced.
RADIAL MASS AND TEMPERATURE PROFILES

Extracting objects
For the purposes of this paper we are interested in only the largest objects within each simulation as only these contain a sufficient mass to produce the deep potential wells required to retain hot, X-ray emitting gas. Finding this collection of objects is straightforward, difficulty only arises when trying to select an appropriate position for the object centre. There are three obvious choices. Perhaps the most common is to select the position which maximises the mass found within the virial radius. This is of little use here as the position of the centre is very sensitive to substructure far from the true cluster centre. The second is to use the position of the largest galaxy, either by selecting the peak of the gas density or the bottom of the cluster potential well. This is susceptible to the motion of the central object. The final method, and the one we employ here, is to choose the centre of the Xray emission (the centre of mass of the hot halo gas) as the cluster centre. All three of these centres (the centre of the X-ray emission, the position of the largest galaxy and the centre-of-mass of the system as a whole) are often close together but are spatially distinct entities.
Once the centres of each of the largest halos had been located these centres were used as the centre about which to calculate the size of the surrounding spherical region corresponding to an overdensity of 178 for SCDM and 324 for ΛCDM (Eke et al. 1996) . Each catalogue was then cleaned by ordering it in size and deleting the smaller of any overlapping clusters. The largest 20 clusters in each of the catalogues was then used for the work presented here. Although little difference was found between the clusters on each list if either of the other methods were used to locate the cluster centres before passing them to the spherical overdensity code, the precise location of the centres were not the same.
Each of the extracted clusters was then checked for substructure by comparing the centre of the X-ray emission to the median position of the particles within the virial radius, a statistic that has been shown to be a useful indicator of the presence of substructure by Thomas et al. (1998) . All the clusters with an offset of more than 7 percent of the virial radius (6 in each case) were noted and are shown as dotted lines on figures 1, 2, 4 & 5 and as open symbols on figure 6. This statistic is very successful at denoting anomalous clusters in the non-cooling case, with 5 of the 6 clusters clearly having different dark matter profiles from those clusters not exhibiting substructure. Although this is broadly true for the cooling runs several objects where the centre of the dark matter distribution does not match the centre of the X-ray emission are clearly visible (those objects with small constant density cores in panels 2b & c). Although this statistic is good at picking out objects with large secondary clumps close to the virial radius it is poor at flagging objects with central structure. This type of structure is more prevalent in the cooling runs.
Radial density profiles
The radial dark matter density profiles for the 20 largest objects in each cosmology are shown in figure 1. All the radial profiles shown in this paper were generated by ordering the relevant species of particle in distance away from the centre used by the spherical overdensity code to extract the virialised halo and they start once 32 particles have been detected. Clearly for some objects the centre of the X-ray emission may not coincide exactly with the centre of the dark matter distribution. If the centre of the position of the central galaxy is used as the central coordinate about which to plot the radial distribution of the dark matter the radial profiles all continue to rise in to the resolution threshold. Figure 1 shows that the dark matter profiles of those clusters without significant substructure are very similar within each cosmology.
Gas radial density and temperature profiles were obtained by locating all the gas particles that end up within the derived virial radii of each of the clusters and rejecting those gas particles with a temperature below 12000 K. Typical gas temperatures exceed 10 7 K for halos in this mass range and we wish to remove any effect counting the galaxies might have on the resultant profile of the halo. Essentially all of the rejected particles lie within galaxies or recently tidally disrupted objects. If the cold material is not removed there is a large density spike at the centre of each of the clusters (which all have a central galaxy). This object does not contribute to the X-ray emission because the material it contains is very cold compared to the surrounding hot halo.
The gas radial density profiles are displayed in figure 2. Without cooling all of the radial density profiles of the gas turn over. With cooling this is not the case; the gas density profile continues to rise right into the centre, producing profiles that resemble those found in cooling flow clusters (Fabian, Nulsen & Canizares 1991) .
The profile of the largest object in both gas and dark matter for each of the runs is shown in figure 3 . The dark matter profile for the ΛCDM run without cooling is reasonably well fit by an NFW profile (Navarro, Frenk & White 1997) . With cooling the dark matter density profile of the clusters is not well fit by the NFW formula, because the asymptotic slope in the central regions is steeper than -1. Once cooling has been implemented the large galaxy that forms at the centre of each cluster acts to draw in more dark matter and steepen the profile significantly in the inner regions. Without cooling (figure 3a) the gas exhibits a core and as previous authors have found (e.g. Navarro et al. 1995 , Eke et al. 1997 it is more extended than the dark matter out to the virial radius. With cooling the gas profile tends to continue to rise until the resolution limit, displaying less evidence for a constant density core. Near the centre cooling is rapid because the gas is now very dense. For the largest cluster shown in figure 3 the size of a 100h −1 kpc region is indicated. Clearly a core of this size would have been easy to resolve in any of the simulations.
Radial temperature profiles
Radial temperature profiles were generated in the same way as the radial density profiles. Gas particles were ordered in distance from the centre used by the spherical overdensity algorithm and particles with temperatures below 12000 K were neglected. Then the mass weighted mean temperature of all the gas particles within the desired radius was calculated and the results shown in figure 4 .
The temperature profiles for the relaxed clusters from the ΛCDM run without cooling (figure 4a) are typical of those found in previous work (see for example Eke et al. 1997 Figure 2 . The radial gas density profile within the each of the 20 largest halos found within each simulation. As in fig. 1 those halos containing significant substructure are shown as dotted lines. All the halos are scaled to the virial radius and overdensity. and references therein). Some of the clusters show a central temperature inversion (as was seen by Thomas & Couchman 1992 ) while others do not. The dangers of drawing conclusions from the simulation of a single cluster are clearly evident from this figure. With cooling turned on this central temperature inversion becomes a standard feature, being present to some extent in all the relaxed systems. The clusters extracted from the models are very similar and have the same history because the same set of random numbers was used to generate the initial conditions (for the two ΛCDM models the initial conditions were identical). Similar clusters in the two ΛCDM models reach a higher peak temperature when cooling is implemented. Cluster temperatures are very similar between ΛCDM and SCDM clusters of the same mass. Because they reach a higher maximum temperature but have similar temperatures near to the virial radius the clusters from the simulations with cooling (figure 4b,c) display a steeper temperature fall off between 0.2 virial radii and the virial radius.
We follow Navarro et al. (1995) in using the following estimator for the bolometric X-ray luminosity of a cluster, 
where mgas is the mass of a gas particle in solar masses and the sum is over all the gas particles with temperatures above 12000 K within the specified radius. Temperatures are in Kelvin and densities in units of overdensity. We plot these bolometric luminosities as a function of radius for each of our relaxed clusters in figure 5 . For the simulation without cooling the clusters are several times more luminous than those from the cooling run. This contradicts the result found by Suginohara & Ostriker (1998) who produced an unphysically luminous object. The cooling clusters are less luminous than their counterparts in the simulation without cooling because they have lower central temperatures and Figure 3 . The radial dark matter (solid line) and gas (dotted line) density profile within the virial radius of the largest dark matter halo extracted from each simulation. In all three runs the gas is more extended than the dark matter. No constant density core is found in the cooling runs. The arrow indicates a scale of 100h −1 kpc.
similar central densities (see figures 4 & 2 respectively
). The gas is more extended in the cooling runs than in the simulation without cooling. Most of the emission coming from the non-cooling clusters comes from the central regions, with little subsequent rise in the bolometric luminosity beyond 0.3 times the virial radius whereas for the cooling clusters the bolometric luminosity continues to rise out to the virial radius. The luminosity profiles and total emission from the ΛCDM and SCDM simulations are similar. There has been much debate in the literature centering on the X-ray cluster LX versus T correlation. The massweighted mean temperature in keV is plotted against the bolometric luminosity within the virial radius for all our clusters in figure 6 . The filled symbols represent the relaxed clusters and the open symbols denote those clusters that show significant substructure. Clearly the simulation without cooling produces brighter clusters at the same temperature. All 3 sets of objects display an LX −T relation although there are insufficient numbers to tie the trend down very tightly. In agreement with the observational result of Fabian et al. (1994) we find that clusters with significant substructure tend to be less luminous than the relaxed clusters but the effect is small. Also plotted in figure 6 are the observed data from David et al. (1995) . Our clusters are smaller and cooler because they are not very massive (due to our relatively small computational volume) but span a reasonable range of luminosities and temperatures.
DISCUSSION
Implementing cooling clearly has a dramatic effect on the Xray properties of galaxy clusters. Without cooling our clusters closely resemble those found by previous authors (Eke et al. 1997 and references therein). These clusters appear to have remarkably similar radial densities and bolometric Figure 4 . The radial gas temperature profile found within each of the 20 halos extracted from each cosmology. Clusters with significant substructure are marked as dotted lines. All the halos are scaled to the virial radius and temperatures (calculated as the mass weighted mean temperature of all the gas within the appropriate radius) are in Kelvin. With cooling all the halos show a central temperature inversion, an effect which is sometimes present in the non-cooling simulation. With cooling the cluster temperature reaches a higher maximum but the temperature at the virial radius is very similar.
X-ray luminosity profiles. Some of these clusters display a small inner temperature inversion and the temperature falls off slowly between 0.2 virial radii and the virial radius.
With cooling implemented the cluster profiles span a broader range. The radial density profiles tend to continue rising into the centre, particularly for those relaxed clusters displaying little evidence for substructure, displaying features characteristic of cooling flows (Fabian et al. 1991) . They show little evidence for a constant density core, perhaps indicating that the comparatively large cores derived from the X-ray data are an artifact of the data fitting procedure rather than being real. Several of the clusters appear to have small cores, particularly but not exclusively those which show evidence for significant substructure. These clusters are slightly less luminous on average than the group of clusters without substructure.
The formation of a central galaxy within each halo acts to steepen the dark matter profile, supporting the conclusion of the lensing studies (e.g. Kneib et al. 1996) that the underlying potential that forms the lens only has a small core. This galaxy may not be located exactly at the centre of the X-ray emission, sometimes being offset by up to 50h −1 kpc. The increased density and deeper potential well allows substructure to survive longer and the resultant asymptotic slope of the profile is steeper than that suggested by Navarro et al. (1995) , close to that found by Moore et al. (1998) from high resolution N-body simulations.
The temperature of the cooling clusters shows a significant fall between the point where its peak value is obtained (around 0.2 virial radii) and the virial radius. This supports the result of Markevitch et al. (1998) that the temperature profile of galaxy clusters is steeply falling. Those clusters Figure 5 . The bolometric luminosity within the specified radius for each of the clusters (calculated from equation 2). The equivalent clusters from the ΛCDM simulation without cooling are around 5 times brighter than those in the cooling models. Clusters with significant substructure are shown as dotted lines.
with significant substructure sometimes display flatter temperature profiles out to a larger fraction of the virial radius than observed in relaxed systems but this is not a universal trend. The lower central temperature combined with the more extended density distribution acts to reduce the bolometric luminosity of our X-ray clusters by a factor of around 5. Our cluster are clearly not isothermal. This can have a dramatic effect on X-ray mass estimates, measurements of Ω b (and hence Ω) and theoretical arguments for the X-ray luminosity versus temperature relation.
Attempts have been made to try and quantify the amount of substructure present within X-ray observations of galaxy clusters (Buote & Tsai 1995 and compare this to that found in non-radiative hydrodynamical simulations (Valdarini, Ghizzardi & Bonometto 1999) of structure formation. Substructure affects the choice of cluster centre and standard methods of detecting it within simulations (such as the centre-of-mass to median position of the particles offset) are difficult to implement once cooling (which produces tight mass concentrations that) is modelled.
Early star formation at high redshift and the subsequent energy feedback from supernovae could act to preheat the gas which falls into the potential wells of galaxy clusters, effectively raising its entropy to such a level that it cannot reside at the high densities required to trace the dark matter in to the base of the potential well. Ponman, Cannon & Navarro (1999) argue for such preheating by examining ROSAT observations of 25 clusters. We do not include the effects of star formation and feedback into our models as these processes operate far below our resolution threshold.
One suggestion for the formation mechanism that produces large cores in the gas is that low entropy material cools preferentially, leaving a gas core because the high entropy material cannot achieve high enough densities (Thomas & Couchman 1992 , Waxman & Miralda-Escude 1995 , Bower 1997 . In practice radiative cooling does not have such a Figure 6 . The luminosity-temperature relation for all the clusters. Open symbols refer to those clusters with significant substructure, filled to those without. The small symbols are the observation data from David, Jones & Forman (1995) . The majority of our clusters are small because the simulation volume is only 100 Mpc on a side but span a realistic range. The values plotted are the mass weighted mean temperature converted to keV and the bolometric luminosity within the virial radius. simplistic effect. Gas which is able to cool cools rapidly and as the temperature at the centre of the cluster is effectively determined by the depth of the potential well (the gas here is close to hydrostatic equilibrium) whether or not material cools within a specific cluster is entirely determined by the local gas density. This puts a cap upon the maximum density that can be achieved by the hot material as gas above this density rapidly cools to become the cold gas that forms the central object. Within the virial radius of the largest cluster around 10% of the gaseous material has cooled in this way. Rather than producing a large constant density core this cooling has instead produced a gas density profile that continues to rise into the centre but is generally below that for the non-radiative simulation (because both profiles have similar maxima). The gas in the radiative simulation is more extended than that in the non-radiative case and reaches a higher maximum temperature.
The bolometric luminosity of the clusters with radiative cooling is not as sensitive to the precise structure of the inner regions as that from the non-radiative model, easing any worries about lack of resolution having a dramatic effect on the derived X-ray flux. As the X-ray emission depends on the square of the local gas density it is very sensitive to the properties of the central few percent of the cluster. Cooling lowers the central temperature and caps the maximum density achieved by the hot material (for a fixed mass object) and so the a smaller fraction of the flux comes from the central regions.
CONCLUSIONS
We have performed two N-body plus hydrodynamics simulations of structure formation within a volume of side 100 Mpc, including the effects of radiative cooling but neglecting star formation and feedback. By repeating one of the simulations without radiative cooling of the gas we can both compare to previous work and study the changes caused by the cooling in detail. A summary of our conclusions follows. (a) With radiative cooling the dark matter profiles of all the clusters steepens dramatically, due to the presence of a galaxy at the centre of each halo. The steeper cluster profiles are inconsistent with the universal formula proposed by Navarro et al. (1995) because the central asymptotic slope is much steeper than -1. (b) We confirm the results of Eke et al. (1997) (and previous studies quoted therein) that without radiative cooling the gas density profile turns over at small radii, that the radial temperature profile drops by around 30% between its peak value and that obtained at the virial radius and that the gas is more extended than the dark matter out to the virial radius. (c) Once radiative cooling is implemented the cluster radial profiles span a broader range, perhaps driven by the presence of substructure. Relaxed clusters without significant substructure display cooling flow type profiles (Fabian et al. 1991 ) with a central density excess. Other clusters, many with substructure, show small cores in their density profiles. (d) We support the results of Markevitch et al. (1998) that the radial temperature profiles of the majority of clusters are steeply falling close to the virial radius. We find a drop of 50% between a clusters maximum temperature and that obtained at the virial radius. Some of the clusters with substructure display flatter temperature profiles. (e) The bolometric luminosity for the clusters with radiative cooling is around five times lower than for matching clusters without it. The luminosity profile is less centrally concentrated with a greater contribution coming from larger radii. This effect assists in convergence as we are less dependent upon the very centre of the cluster profile. We find that the clusters with substructure tend to be less luminous than those without, matching the observational result of Fabian et al. (1994) . (f) The X-ray luminosity -temperature relation is well reproduced by our clusters although data is lacking for such cool objects. A luminosity -temperature correlation exists but our limited number of objects prevents a reliable fit. (g) The lack of isothermality for the majority of our clusters brings previous theoretical work that relied upon an isothermal assumption into question. (h) Preferential cooling of low entropy material from the cluster centre does not lead to a large gas core. Instead gas flows in from larger radii increasing the bias between the gas and the dark matter out to the virial radius (see figure 2) . (i) Many of our relaxed clusters in the radiative simulations have very small core radii. If the larger core radii (∼ 50h −1 kpc) supported by the observational results don't turn out to be the result of the fitting procedure then a mechanism will be required to produce these cores. Our work rules out the suggestion that preferential cooling of the low entropy material or stirring by the galactic population can produce such cores and leaves star formation and feedback as the obvious remaining mechanism. (j) The very large core radii (∼ 250h −1 kpc) observed in some clusters are difficult to obtain in the simulations. We have no objects with such large cores and objects with two large well separated masses would be easy to spot. Apparently relaxed clusters with massive cores do not exist in our simulations and it is difficult to envisage a way for forming such objects.
The inclusion of cooling into a cosmological hydrodynamics simulation has proved highly successful. Our clusters appear very realistic and reproduce many observed features such as the small core sizes deduced from lensing, the luminosity -temperature relation and the affect of substructure on the X-ray luminosity. With around 60000 particles in our largest object and several other clusters containing over 10000 particles we now intend to study the evolution of the X-ray properties and to follow up this work by examining the effects of the non-isothermality on the mass estimates from X-ray clusters.
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